Experiments to study the mechanism of conjugation in Escherichia coli used the inhibitor phenethyl alcohol (PEA) on the assumption that the major effect of this substance was the selective inhibition of deoxyribonucleic acid (DNA) synthesis (1, 2, 13, 20) . However, PEA has been found to inhibit many cellular activities (15 and 21) , and it has recently been proposed that its primary action is a structural modification of the cell membrane (21) .
Bacteriophages fl (filamentous, DNA-containing particles; 24) and f2 [spherical, ribonucleic acid (RNA)-containing particles; 16, 17] adsorb to male cells of E. coli via F pili, the filamentous, presumptive organelles of conjugation which are synthesized under the direction of the E. coli sex factor (3) . Phage fl attaches to the tip of F pili (5) , whereas f2 attaches to their sides (3, 22) ; these phages have been used to probe and to provide evidenqe for the role of F pili in conjugation (12, 19) .
We have found that the addition of PEA to cultures of male cells causes a rapid loss of the cells' ability to adsorb both phages, but affects only that specjal class of mating pairs which result in the chromosome withdrawal phenomenon described by de Haan and Gross (7) . Although f2 adsorbs to detached F pili as well as cells, adsorption to detached F pili is not affected by PEA. We attempted to reconcile these results with the hypothesis that adsorption of both phages, and conjugation, involve only F pili.
MATERIALS AND METHODS Bacterial strains. In most experiments, the male strains used were W1895 or its thymineless derivative MSC 603 (HfrC, see Fig. 3 for genotype); however, several other E. coli male strains, both F+ and Hfr, K-12, and B derivatives, were also tested. Female strains used were WI 177 (Fig. 3) or the similar strain K-17 provided by R. C. Valentine. Bacteriophages. Bacteriophages fl (filamentous, DNA-containing particles; 24) and f2 (spherical, containing RNA; 16, 17) were also obtained from R. C. Valentine. 3P-labeled phages were prepared by a method similar to that of Davis and Sinsheimer (6) , except that the phages were initially concentrated by ammonium sulfate precipitation (8) . Specific activity of typical preparations of either phage was 10-counts per min per plaque-forming unit.
Media. Cells were grown for phage adsorption and for mating in tryptone-yeast extract (11) and, for some mating experiments, in tris(hydroxymethyl) aminomethane-glucose minimal medium (10) supplemented as necessary with 20 Mg of methionine, thymine, and leucine per ml, 40 Mg of threonine per ml, and 1 ,ug of thiamine per ml.
Adsorption of phages. Phage f2 adsorption was measured by the F pili filtration assay of Ippen and Valentine (11) . Duplicate 0.5-or 1.0-ml samples of cells (grown in broth with aeration by shaking to approximately 2 X 108/ml), before or after PEA treatment, were diluted 1:3 into tubes containing cold (0 to 4 C) broth and 32P-labeled phage. After 10 min, the mixture was diluted further to stop adsorption, and the cells were collected on membrane filters (Schleicher & Scheull Co., Keene, N.H.; no. B-6) and washed. The amount of radioactivity remaining on the filters was determined in a Nuclear Chicago gasflow counter. This assay measures phage binding to detached as well as cell-associated F pili. The amount of label retained by filters after similar treatment of supernatant fractions of such cultures was determined in some experiments and is referred to as a measure of "free" F pili (e.g., Table 1 ).
Phage fI adsorption was carried out under conditions like those for f2, and the cells were collected by centrifugation. The pellet was suspended in 3 ml of For fl this was 98 counts/min, for f2 it was 104 counts/min. The amount of label retained when using female cells (as opposed to male cells) did not increase when cells were incubated with phage at higher temperatures or for longer periods of time, and is only slightly greater than that retained in the absence of cells (10; Wendt, unpublished data). c Samples of cultures grown as above were treated with 0.3% PEA for 10 min, and half of these treated samples were diluted 1:4 with broth. After a 15-min recovery period, half of the diluted samples were assayed for phage-adsorbing ability and half were treated a second time with PEA and then assayed. 32P-labeled phage was added at 2,100 counts/min in the tubes used to assay the undiluted samples and at 8,500 counts/min in the tubes used for the diluted samples. adsorption assay, there is no apparent reversal of the PEA effect within the 10 min allowed for adsorption at this temperature.
The effect of PEA on phage adsorption occurs in the same concentration range as that used to alter cellular permeability (21) and is temperaturedependent (Fig. 1) . The amount of phage bound in a constant time interval decreases as the PEA concentration increases from 0 to approximately 0.25%. At 0.3% PEA, the loss of phage-adsorbing capacity is complete in about 2 min at 25 C, but proceeds very slowly at 1 C (Fig. 1B) .
Reversibility of the inhibition of phage adsorption. The reversibility of the phage-adsorption inhibition was studied further by using phage f2 because it provides the more convenient rapid assay. Since no increase in free F pili was measured in the presence of PEA ( (21) , such experiments could not be performed with this system, since these inhibitors apparently prevented f2 adsorption (Table 2) . Adsorption by viable phage assay was not measured in the presence of these inhibitors, so it is possible that they affect a later stage of infection-perhaps injection-rather than adsorption.
The assay method used here involved a 1: 3 dilution of the samples into cold broth; hence, the effects of these inhibitors also appear relatively irreversible under these conditions. White and White (23) As an alternative test for synthesis, the ability of PEA-treated or blended male cells to recover their phage-adsorbing capacity at 25 C was examined. Chloramphenicol has been reported to inhibit the regeneration of F pili by blended cells (9) . Unexpectedly, no recovery of f2 adsorption was observed when cells were blended for 1 min at 0 C and diluted 9 min later into broth at 25 C, even in the absence of chloram- aSamples of cultures of W1895 at 25 C were treated with 107 M sodium cyanide, azide, chloride, iodoacetate (IAA), or 0.3% PEA, and phage adsorption was measured before and at intervals after additions under the usual conditions. Kinetics were similar to those shown in Fig. lB . Values are averages of three points from the plateau portion of the curves. In experiment 1, the cell density was 108/ml as opposed to 3 X 108/ml in experiments 2 and 3, accounting for the higher proportion of unaffected F pili in the latter experiments. Adsorption to free F pili was not measured, but would be expected to have corresponded closely to that measured in the presence of PEA. phenicol (Fig. 2) . This may have been a consequence of the temperature of incubation. However, rapid and essentially complete recovery occurred when cells were treated with 0.3% PEA for 10 min and diluted into broth with or without chloramphenicol (Fig. 2) . This should be compared to measurements of the return of F pilation at 37 C after blending, where the maximum value reached is, at most, 50% of the untreated control (3, 4, 9) . Cultures of the cells diluted into broth alone after either blending or PEA pretreatment showed identical increases in optical density over the subsequent 30 min.
Effect of PEA on mating-pair formation. de Haan and Gross observed that the kinetics of gene transfer during conjugation for early markers of some E. coli Hfr strains showed a peak at about 30 min and a subsequent decline, lasting until about 60 min, when the cells were mated in minimal medium but not when mated in broth (7) . In broth, the curves reached a plateau by 30 min at a value slightly less than that approached after 60 min in minimal medium. From the lower frequency of recombination observed for successive markers in broth compared to minimal medium, these authors concluded that the greater number of recombinants scored at early times in minimal medium was due to greater stability of mating pairs in minimal medium than in broth. It was argued that the higher number of recombinants obtained initially in minimal medium was caused by slower separation of pairs, and that the fall resulted from the separation of pairs followed by withdrawal from the female cell of that portion of the donor chromosome containing the marker being followed. A comparison of the effects of interrupting the matings by blending, or with phage T6, on the shape of the transfer curves supported this interpretation (7) .
Hfr strain MSC 603 mated in minimal medium and in broth shows the types of kinetics-oftransfer curve for the lac gene described by de Haan and Gross (Fig. 3) . When 0.3% PEA is added to the Hfr cells just before the 5 min allowed for pair formation in minimal medium, the rising and falling curve is not seen (Fig. 3A) ; however, in broth, the curve for PEA-treated cells does not differ from the control (Fig. 3B) . and an untreated portion were immediately mixed with samples of W1177 to give final concentrations of0.3% or zero PEA, 107 to 12 X 107Iml ofMSC 603, and 2 X la' to 4 X ILT/ml of W1177. Mixtures were diluted 100-fold after 5 min in the same medium used for mating but without PEA, and the kinetics oftransfer ofthe lac gene were followed. (A) Mated and kinetics followed in tris(hydroxymethyl)aminomethane-glucose minimal medium. (B)
Mated and kinetics followed in broth. The difterence in the maximum number of recombinants obtained in the different situations may reflect the relative efficiencies ofpair formation between the two media, independent of PEA. (@) Plus PEA; (0) minus PEA. Pertinent genetic markers ofMSC 603 and W1177: MSC 603 is mer, thy-, lac+, str"; Wi177 is thr, leu, BI-, lac-, strr (met, methionine; thy, thymine; thr, threonine; leu, leucine; BI, thiamine; lac, lactose fermentation; strs, streptomycin-sensitive; strr, streptomycin-resistant).
Because of the ready reversibility of PEA effects (e.g., Fig. 2 ) and the 100-fold dilution of the cells from PEA, it seems unlikely that the change in kinetics of lac transfer which occurs in minimal medium in the presence of PEA is related to an effect on the stability of the pairs. Rather, it appears that PEA prevents the formation of at least a fraction of the pairs which are rendered more stable in minimal medium, whereas the formation of those pairs detectable in broth is unaffected by PEA.
DISCUSSION
The inhibition of adsorption of the malespecific phage f2 to cell-bound F pili appears to be due to a temperature-dependent, reversible interaction between PEA and the cells. This effect shows a concentration dependence similar to that of PEA-induced permeability to extemal acridine dye and internal potassium and thiomethyl galactoside ( Meynell (18) .
The PEA insensitivity of the phage-binding capacity of free F pili can be explained in two ways. (i) Severing the cellular connection alters F pili in such a way that they no longer react directly with PEA, or (ii) the effect of PEA on F pili is mediated by the cells. The latter possibility can be visualized as a consequence of the "membrane allostery" phenomenon proposed to explain the effect of PEA on cellular permeability (21) . A decision between these alternatives may not be possible.
The fact that PEA inhibits the adsorption of both types of male-specific phage to male cells in broth but affects mating-pair formation only partially in minimal medium seems inconsistent with some of the results which have led to the association of both of these properties with F pili. RNA-containing phage, such as f2, are known to attach to the sides of F pili (3, 22) , whereas fl attaches to the F pilus tip (5). These different attachment sites can explain the patterns of inhibition of phage adsorption by mating and of mating by phage adsorption which have been observed (19) and, in particular, the inhibition of pair formation by fl or its nonviable fragments (8) . The results just referred to agree with the idea that the F pilus tip is involved in the initial contact of mating partners, but would lead one to expect that the inhibition of fl adsorption by PEA in broth, as reported here, should also be reflected in inhibition of pairing in this medium. We have considered two interpretations which reconcile our data with the hypothesis that pairing is mediated only by F (i) Those parts of the F pilus involved in fl adsorption and those involved in pairing are not (completely) identical, the latter being relatively unaffected by the presence of PEA. This interpretation would explain how PEA could prevent fl adsorption in broth without affecting pairing. However, it does not account for the partial effect of PEA on pair formation in minimal medium.
(ii) The pairs detected in minimal medium in the absence of PEA and which give rise to the "overshoot" in the kinetics-of-transfer curve are qualitatively distinct from those observed in the presence of PEA in this medium, or in its presence or absence in broth. This difference is revealed by the action of PEA which prevents the formation of the former, but does not affect the latter. On this interpretation, cell-associated F pili also may exist in a PEA-insensitive state, or these pairs are mediated by structures other than F pili which are insensitive to PEA.
Assuming that PEA-insensitive F pili are the structures joining the pairs detected in broth in our experiments, and that the adsorption of fl in broth inhibits mating by preventing pairing, the greater than 95 % inhibition of phage adsorption by PEA and the absence of an effect on pair formation in broth are consistent with the existence of a small fraction of donor cells whose F pili are insensitive to PEA. (The final number of recombinants obtained in these experiments was approximately 1 % of the donor input.) Although this interpretation, which was designed to account for the partial effect of PEA on the formation of pairs detectable in minimal medium, appears compatible with the remainder of our data and the data of others, it does not relate this effect of PEA to the difference in stability of pairs between minimal medium and broth reported by de Haan and Gross, or explain why growth in minimal medium produces some male cells whose capacity to form pairs is sensitive to PEA. 
